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A planetary atmosphere is said to be in a state of super-rotation if the total axial angular momentum of the 
atmosphere is greater than the angular momentum of an atmosphere in a state of pure solid-body rota-
tion (Read, 1986). Super-rotation usually takes the form of an equatorial jet directed in the same sense as 
the planet's rotation, and it has been shown that such a state can only be maintained by the equatorward 
transport of angular momentum by non-axisymmetric eddy motions (Hide,  1969). Identifying the exact 
mechanisms that initiate and maintain super-rotating jets remains a significant challenge in planetary at-
mospheric research, and is crucial for understanding the atmospheric dynamics of slow-rotating terrestrial 
planets such as Venus and Titan (Read & Lebonnois, 2018). The martian atmosphere is also a candidate for 
super-rotation, as first identified by Lewis and Read (2003).
Global dust storms (GDS) are the most dramatic of all dust-related phenomena in the martian atmosphere, 
and occur every few martian years. During a GDS, the planet is encircled by a shroud of dust that can 
persist for several months at a time, drastically affecting the atmospheric state. Such storms have all been 
observed to occur during the high dust loading season S( 180 360 )L     , when the planet's orbit brings it 
closer to the Sun (Kahre et al., 2017). The formation mechanisms of a GDS are still not well understood; in 
particular, it has not been established why a GDS forms out of regional storms in some years, but not others. 
Posited hypotheses include the re-distribution of dust between finite reservoirs between years (Mulholland 
et al., 2013; Newman & Richardson, 2015), competition between the hemispheric circulations during north-
ern winter (Haberle,  1986), weak coupling between orbital and rotational angular momentum on Mars 
(Newman et al., 2019; Shirley, 2017) and enhanced surface wind stress due to constructive interference of 
tides (Martinez-Alvarado et al., 2009; Montabone et al., 2008).
Abstract Super-rotation affects—and is affected by—the distribution of dust in the martian 
atmosphere. We modeled this interaction during the 2018 global dust storm (GDS) of Mars Year 34 using 
data assimilation. Super-rotation increased by a factor of two at the peak of the GDS, as compared to the 
same period in the previous year which did not feature a GDS. A strong westerly jet formed in the tropical 
lower atmosphere, with strong easterlies above 60 km, as a result of momentum transport by thermal 
tides. Enhanced super-rotation is shown to have commenced 40 sols before the onset of the GDS, due 
to dust lifting in the southern mid-latitudes and tropics. The uniform distribution of dust in the tropics 
resulted in a symmetric Hadley cell with a tropical upwelling branch that could efficiently transport dust 
vertically; this may have significantly contributed to the rapid expansion of the storm.
Plain Language Summary Dust plays a major role in driving the behavior of the atmosphere 
of Mars. During a global dust storm (GDS), winds lift, and transport dust throughout the atmosphere; 
in turn, dust affects wind direction and strength by heating and cooling the surrounding air. Using 
a technique that combines satellite observations with simulations of the martian atmosphere, we 
demonstrate that winds at tropical latitudes were greatly strengthened during the 2018 GDS as a result 
of heating by dust. We show that tropical winds were strengthened even before the onset of the storm, 
as a result of a dust-driven modification to the tropical circulation pattern. This change in the tropical 
circulation may have played a role in the formation of the GDS.
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Key Points:
•  The martian atmosphere was already 
in a state of enhanced super-rotation 
prior to the onset of the Mars Year 
34 global dust storm
•  Super-rotation doubled during 
the peak of the storm and tropical 
easterlies were strongly enhanced 
above 60 km
•  Dust lifting in the southern 
hemisphere led to enhanced tropical 
heating and increased vertical dust 
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Lewis and Read (2003) have shown that dust-driven heating can excite a super-rotating jet in the martian 
atmosphere. In turn, the strengthening of the equatorial jet by the presence of dust affects dust transport; in 
this way, there is an intimate link between dust-driven heating and the strength of the equatorial jet which 
may have implications for GDS evolution.
The most recent GDS occurred in Mars Year (MY) 34 (using the naming convention of Clancy et al., 2000). 
The storm initiated shortly after the northern hemisphere autumn equinox at SL  = 187, and its dynamical 
evolution was monitored by multiple orbital, surface and Earth-based instruments, for example, (Guzewich 
et al., 2019; Hernández-Bernal et al., 2019; Kass et al., 2019; Sánchez-Lavega et al., 2019; Shirley et al., 2020; 
Smith, 2019). Bertrand et al. (2020) simulated the MY34 GDS using the NASA Ames Mars Global Climate 
Model (MGCM) and noted that eastward tropical expansion was a dominant feature of both the MY25 and 
MY34 GDS, highlighting the link between super-rotation and dust transport in the early stages of GDS 
formation. Gillespie et al. (2020) used the EMARS reanalysis to study dust encirclement of the northern 
hemisphere in the early stages of the GDS, and showed that a significant portion (16%) of the encircle-
ment could be attributed to wind-driven dust advection. Super-rotation during the MY34 GDS was further 
examined by Montabone et al. (2020), who simulated the GDS period using the MGCM developed at the 
Laboratoire de Météorologie Dynamique (LMD). They reported a global super-rotation value of 16%S   
during the peak of the MY34 GDS, as compared to a pre-dust storm value of 5% (super-rotation metrics are 
defined in Section 2.3).
In this study, we perform an analysis of super-rotation during MY33–34, with a special focus on the period 
leading up to the onset of the MY34 GDS S( 160 187 )L      which has not been studied by previous au-
thors. MY33 was used for comparisons as it is an adjacent year that did not have a GDS. For this work, we 
analyze the outputs from a data assimilation scheme (Lewis et al., 2007) that was used to assimilate tem-
perature and column dust data from the Mars Climate Sounder (MCS) and Atmospheric Chemistry Suite 
(ACS) instruments into a MGCM. As data assimilation uses observational data to constrain the evolution of 
model dynamics, it provides an excellent tool to perform such analysis. In Section 2, we describe the satellite 
observations and give a description of the model and assimilation scheme used. We also introduce metrics 
to quantify super-rotation. We document our results in Section 3, and discuss our findings in Section 4.
2. Data and Methods
2.1. Observation Data
MCS is a passive 9-channel limb-scanning radiometer aboard the Mars Reconnaissance Orbiter (MRO) 
(McCleese et  al.,  2007). Measurements are taken at approximately 3 a.m. and 3 p.m. local time along a 
Sun-synchronous orbit, across a wavelength range of 0.3 – 45m. Radiance profiles are generated from the 
surface to around 80 km with an intrinsic vertical resolution of 5 km, enabling the retrieval of profiles of 
temperature, dust and water ice (Kleinböhl et al., 2009, 2017). We used version v5.2 for all MCS data outside 
of the MY34 GDS period. During the GDS period ( S 180 240L    ), v5.3.2 was used instead, as it extracts 
additional dust information using a far infrared channel centered at 1316 cm . This is possible in GDS con-
ditions due to the absence of water ice clouds in the lower atmosphere (Kleinböhl et al., 2020; Montabone 
et al., 2020).
ACS (Korablev et al., 2018) is an array of three infrared spectrometers aboard the ExoMars Trace Gas Orbiter 
(TGO), that together provide spectral coverage over a wavelength range of 0.717 m. The near-infrared 
(NIR) channel uses an echelle grating with an Acousto-Optical Tunable filter with a resolving power of 
25,000, to retrieve atmospheric density and temperature profiles based on the 1.57 m 2CO  band (Fedorova 
et al., 2020). The orbit of TGO allows for solar occultations that cross the terminator over a range of local 
times, a key feature of these datasets. ACS-NIR temperature profiles were included in our assimilation of 
MY34 over the period S 163 360L    .
2.2. Global Climate Model and Data Assimilation Scheme
The martian atmosphere is modeled using the UK version of the LMD MGCM (Forget et al., 1999). The mod-





scheme that conserves energy and angular momentum (Simmons & Burridge, 1981) and a semi-Lagrangi-
an tracer advection scheme (Newman et al., 2002). Physical processes on Mars are represented using the 
physics package from the LMD model, which includes schemes for 2CO  condensation and sublimation, 
radiative transfer, dust transport, and boundary layer processes (Colaïtis et al., 2013; Forget et al., 1999; 
Madeleine et al., 2011) amongst many others. Dust transport is via a radiatively active two-moment scheme 
that advects the dust mass mixing ratio and number density, which are then used to infer the particle size 
distribution at each point for radiative transfer calculations (Madeleine et al., 2011).
The data assimilation scheme is an implementation of the Analysis Correction (AC) scheme, originally 
developed for terrestrial applications (Lorenc et al., 1991) and later modified and re-tuned for the martian 
context (Lewis et al., 1996, 2007). The scheme employs a form of successive corrections, with analysis in-
crements interlaced between dynamical timesteps. It has been successfully employed in assimilating pro-
files of temperature and column dust opacity from the Thermal Emission Spectrometer (TES) (Lewis & 
Barker, 2005; Lewis et al., 2007; Montabone et al., 2005) MCS (Holmes et al., 2019, 2020; Steele et al., 2014; 
Streeter et al., 2020) and ACS (Streeter et al., 2021) instruments.
We performed the assimilation over MY33–34, and ran the model at T42 spatial resolution (triangular trun-
cation at horizontal wavenumber 42), which corresponds to a physical grid resolution of 3.75. Fifty-five 
unevenly spaced, terrain-following vertical levels were used, with the model top at approximately 110 km. 
The water cycle was not simulated, in order to isolate the dynamical impact of the dust. Available temper-
ature profiles from the MCS and ACS instruments were assimilated at each timestep. Dust is advected by 
model winds, with dust opacity rescaled at each model level to match the total column dust optical depth 
(CDOD) in the model to MCS observations. Details of the temperature and dust assimilation schemes are 
given in Lewis et al. (2007) and in the supporting information of Streeter et al. (2020). The inclusion of ACS 
temperature profiles in the assimilation did not produce any significant changes in the overall structure of 
the circulation or the strength of the jet during MY34, as compared to an assimilation that only included 
MCS temperature profiles; this confirms the mutual coherence of the different data sources, and the robust-
ness of the assimilation procedure.
2.3. Super-Rotation Metrics















where   is density, u is the zonal wind velocity, and a,   and  are the planetary radius, latitude and rotation 
rate, respectively. The volume element is 2 cosdV a d d dz   , where  and z are east longitude and ge-
ometric height, respectively. Each integral is performed over the whole atmospheric volume. S is a measure 
of the ratio between the atmospheric and solid-body components of angular momentum; 0S   only if the 
atmosphere as a whole has more angular momentum than a pure solid-body rotation.
Super-rotation can also be diagnosed by defining a local super-rotation index s as
s m a   / 2 1 100%. (2)
Here m is the zonally averaged value of axial angular momentum m, which is defined as
m a a u cos cos .   (3)
Whereas S measures the global super-rotation, s is a measure of its spatial distribution. s compares the 
angular momentum of a ring of fluid at a given latitude and height against the angular momentum of an 








Figure 1 shows the variation of the global super-rotation metric S through MY33–34 (lower panel), along 
with corresponding equatorial (10 CDOD values (upper panel). The large peak in S centered at SL  = 200° 
in MY34 clearly corresponds to the mature phase of the GDS (Kass et al.,  2019). There are also several 
smaller local maxima that occur on both curves. The peaks at SL  = 105° in MY33 and SL  = 135° in MY34 
have been identified as spurious and are due to short absences in MCS data availability over those periods. 
The MY34 curve has additional peaks at SL  = 175° and SL  = 325° The peak at SL  = 175° occurs just prior to 
the initiation of the GDS, and will be discussed further in Section 3.3. The peak at SL  = 325° corresponds to 
the timing of the regional storm that occurred late in the year, as can be seen from the concurrent increase 
in CDOD values.
Outside of the GDS period, the values of S are broadly similar in both years. Global super-rotation variations 
have a semi-annual structure, with broad peaks occurring during equinoxes and troughs occurring during 
the solstices. These changes reflect the changes in the Hadley cell structure over the course of the year (Lew-
is & Read, 2003). S remains largely positive throughout both years of study, except during northern summer 
solstice. The average values of S are 3.4% and 3.9% for MY33 and MY34, respectively.
3.2. Super-Rotation During the MY34 GDS
The major feature in Figure 1 is a large peak in S corresponding to the mature phase of the MY34 GDS. 
Global super-rotation in MY34 first diverges significantly from MY33 values at SL  = 165° when the dust 
opacity in the tropics first begins to increase. After an initial peak to 7.2%S   at SL  = 173° global super-ro-
tation increases sharply upon storm onset in the Acidalia corridor at SL  = 187° After reaching a plateau 
at 11.3%S  , the value of S was boosted again by the onset of intense dust lifting in the Tharsis region at 




Figure 1. Values of the global super-rotation metric S during Mars Year (MY)33 (blue) and MY34 (red). Positive 
values indicate global super-rotation. The upper panel shows the corresponding zonal-mean column dust optical depth 
(CDOD) values averaged over 10 N – 10 S  .
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The peak value is twice as large as the corresponding MY33 value of 6.2%S  , indicating a significant 
increase in atmospheric angular momentum. After the peak, S decays at a uniform rate, and returns to 
background values at SL  = 240°
Figure 2 depicts values of zonal-mean zonal winds and the local super-rotation index across latitude and 
height, during the MY34 GDS period in both years. The data have been averaged in time over 20 periods 
of solar longitude. These broadly cover the initiation, peak and decay phases of the storm. In all periods, 




Figure 2. Zonal-mean zonal wind (black contours) and local super-rotation index (filled contours) during the Mars 
Year (MY)34 global dust storm (GDS) period for MY33 (left) and MY34 (right). Wind contours are drawn at 10 ms−1 
intervals, with westerlies (easterlies) denoted by solid (dashed) contours. The bold solid contour is the zero wind line. 
Maximal wind values are marked in red.
Geophysical Research Letters
In the time period of storm initiation (Figures 2a and 2b), the atmosphere is in an equinoctial state. There 
are extratropical westerly jets in both hemispheres, and easterlies over much of the tropics in MY33. There 
is a substantial difference in tropical wind morphology between the years; this is reflected by the local su-
per-rotation values in the tropics, which peak at 12%s   in MY34 compared to 1%s   in MY33. Tropical 
westerlies extend up to 50 km in MY34.
Super-rotation is strongest in the period S 200 220L     of MY34 (Figure 2d), which corresponds to the 
peak of the GDS. The super-rotating jet continues to dominate the tropical band, and extends up to 60 km. 
There is a strong peak in local super-rotation of 22%s   at 15 km, reflecting a significant acceleration of 
tropical winds by the increased dust presence. Easterly winds above 60 km are also enhanced in MY34, and 
increase with height to 1100 ms  near the top of the model (although the values above 85 km are also af-
fected by the presence of sponge layers). In comparison, tropical easterly winds in MY33 peak at 140 ms  
at 50 km, and remain relatively constant at higher altitudes (Figure 2c).
In the decay phase of the storm (Figures 2e and 2f), easterly winds dominate the tropical regions above 
20 km and increase monotonically in MY34 to a peak of 1140 ms . Super-rotation is confined to the lower 
atmosphere below 30 km, and is greatly reduced in intensity.
Figure 3 shows the evolution of zonal-mean zonal wind profiles in the tropics over the course of the GDS 
period for MY33 (left) and MY34 (right). Wind profiles at each solar longitude were averaged diurnally and 
between 30°S and 30°N.
The tropical zonal wind profile does not change substantially between SL  = 165° and 210° of MY33. East-
erly winds in the lowermost atmosphere are overlain by westerly winds with velocities of around 15 ms  
(Figure 3a). The wind profile for SL  = 165° in MY34 is similar to the winds in MY33, but by SL  = 170° zonal 
wind speeds have increased at almost all heights (Figure 3b). The wind profile weakens slightly at SL  = 185° 
before strengthening substantially to reach peak values of 135 ms  at SL  = 210° with westerly winds pene-
trating all the way down to the lowest model level (5 m above the surface). In the decay phase of the GDS 
period, wind profiles from MY34 weaken and start to converge with profiles from MY33.
3.3. Atmospheric Circulation Prior to GDS Onset
Figure 4 shows the evolution of the meridional circulation and the dust distribution in the assimilation for 
both years over the period SL  = 158° – 185° prior to GDS initiation at SL  = 187°. There are no substantive 
differences between the years at SL  = 158° (Figures 4a and 4b). At SL  = 161° in MY34 there is significant dust 
lifting in the southern hemisphere, starting around 50° and spreading equatorward. Some of this dust is 




Figure 3. Profiles of tropical zonal-mean zonal winds (averaged diurnally and across 30S–30N) for different times 
during the global dust storm (GDS) period for Mars Year (MY)33 (left) and MY34 (right).
Geophysical Research Letters
The resulting dust distribution is more uniformly spread across tropical latitudes compared to MY33, where 
the bulk of the dust remains in the southern mid-latitudes (Figure 4c).
The impact of the different dust distributions on the circulation can be seen in Figures 4e–4h. In MY33, 
dust-driven heating is enhanced in the southern mid-latitudes compared to the tropics, causing an inver-




Figure 4. Zonal-mean dust distribution and dynamical structure at four times (rows) in the lead-up to the global dust 
storm (GDS) for Mars Year (MY)33 (left) and MY34 (right). Light (dark) orange shading shows regions of greater than 
81 10  ( 83 10 ) dust particles per kg. Blue-green filled contours indicate the local super-rotation index. Solid (dashed) 
lines show positive (negative) contours of the mass streamfunction, drawn at 8(0.5,1, 2, 3, 4, 5,10, 20,30, 40, 50) 10   kg 
1m   1s .
Geophysical Research Letters
thermally direct circulation in the southern hemisphere (Holton, 2004), resulting in the formation of a lop-
sided Hadley cell with a wavy upwelling branch that is less efficient at vertical tracer transport (Figures 4e 
and 4g). In contrast, the relatively uniform dust distribution in MY34 engenders a symmetrical Hadley cell 
with an upwelling branch closely aligned to the vertical, as well as enhanced local super-rotation (Figures 4f 
and 4h). The circulation patterns in both years do not change substantially between SL  = 170° and 185° 
suggesting that they are relatively stable.
4. Discussion
Our MGCM with data assimilation predicted a peak value of 12.6%S   during the peak of the storm in 
MY34, as compared to a value of 6.3%S   in MY33 (Figure 1). While the findings are qualitatively similar 
to those of Montabone et al. (2020), our results show that super-rotation increased by a factor of two dur-
ing the GDS, rather than by a factor of 3 as found by Montabone et al. (2020). This quantitative difference 
could be due to differences in the vertical distribution of dust; for example, Guzewich et al. (2013) have 
shown that tropical lower atmospheric temperatures are sensitive to different dust profiles, which can lead 
to 110 20 ms  changes in westerly jet strength. Although the vertical dust profile is not directly constrained 
by observations in our model, the vertical distribution of dust heating is still captured via the assimilation of 
vertical temperature profiles; this constraint provides greater confidence in the resulting wind speeds. Cli-
matological super-rotation values are also lower in the assimilation as compared to the free-running model: 
annual-mean values of S are 3.4% and 3.9% for MY33 and MY34, respectively, compared to 4.5% 5.8%S    
as found by Lewis and Read (2003) who used the same model under different dust loading scenarios, with-
out assimilation.
The morphology of tropical winds in our model during the GDS (Figure 2) is consistent with the dust-driv-
en enhancement of thermal tides, as explained by Lewis and Read (2003). As westward-propagating tides 
are excited by dust in the lower atmosphere they propagate vertically and induce westerly super-rotating 
winds at their source regions (Fels & Lindzen, 1974). Furthermore, the tides eventually break in the upper 
atmosphere and deposit easterly momentum into the background winds, resulting in strengthened easterly 
flow at higher levels. Such tidally driven changes in upper atmospheric winds will have a significant impact 
on the distribution of trace species such as water that are transported into the upper atmosphere during 
GDSs (Aoki et al., 2019; Fedorova et al., 2018, 2020). By triggering the breaking levels of gravity waves, these 
winds also play a role in controlling the amplitude and spectral distribution of gravity waves entering the 
thermosphere, which has implications for water loss as enhanced gravity wave activity increases the hydro-
gen escape flux (Yiğit et al., 2021).
Enhanced tropical winds played a significant role in the horizontal transport and distribution of dust during 
the initial phase of the GDS (Bertrand et al., 2020; Gillespie et al., 2020). We have shown that the martian 
atmosphere in MY34 was already in a state of enhanced super-rotation prior to the onset of the GDS at 
SL  = 187° (Figures 1, 2d, 3 and 4f). One consequence of strengthened pre-GDS tropical winds is that east-
ward dust advection during the initial stages of the GDS would have been more rapid in MY34 than in years 
with weaker pre-storm super-rotation. This rapid transport would have enabled the timely activation of 
the secondary Tharsis lifting center, which was crucial in making the dust storm global in extent (Bertrand 
et al., 2020; Montabone et al., 2020). Furthermore, we observe that super-rotating winds create regions of 
enhanced vertical wind shear in the lower atmosphere (Figure 3b). As strongly sheared winds are subject 
to Kelvin-Helmholtz instability, we speculate that jet-induced wind shear could have enhanced the gener-
ation of turbulence and surface wind stresses prior to the storm. This would lead to enhanced dust lifting, 
especially in the daytime when atmospheric static stability is low. However, further work will be required to 
quantify the impact of such shear-induced turbulence on vertical dust transport.
Our analysis of the pre-storm circulation indicates that dust lifting in the southern tropical regions played 
a key role in inducing the circulation pattern of a symmetric Hadley cell with a vertically aligned tropi-
cal upwelling branch (Figure 4). As a result of this pattern, vertical transport was much more efficient in 
MY34 in the lead-up to the storm, as compared to MY33. Such a pre-storm circulation pattern could be 
an important pre-requisite condition that enabled the rapid lifting of dust during GDS initiation (Haberle 





have initiated in the northern hemisphere (Bertrand et al., 2020; Sánchez-Lavega et al., 2019), our results 
indicate that dust lifting in the southern hemisphere may still have played a crucial role in GDS initiation.
Data Availability Statement
Assimilation data from this study may be accessed at https://doi.org/10.21954/ou.rd.13332455. ACS raw 
data products are available from the ESA Planetary Science Archive (https://archives.esac.esa.int/psa/). 
MCS data v5.3.2 was used during the MY34 GDS period, and is described in Kleinböhl et al. (2020). MCS 
data v5.2.9 was used outside of the GDS period, and is available from the NASA Planetary Data System 
(https://pds-atmospheres.nmsu.edu/).
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